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SUMMARY 
An F-14 a i r p l a n e  w a s  modi f ied  to  become t h e  test  bed a i r c r a f t  f o r  t h e  v a r i a b l e -  
sweep t r a n s i t i o n  f l i g h t  expe r imen t  (VSTFE) program. The VSTFE program is a l amina r  
f l o w  program des igned  t o  measure t h e  e f f e c t s  of wing sweep on boundary l a y e r  t r a n -  
s i t i o n  from laminar  to  t u r b u l e n t  f low. The a i r p l a n e  was modif ied  by add ing  a n  upper  
s u r f a c e  foam-f ibe rg la s s  g l o v e  ove r  a p o r t i o n  of  t h e  l e f t  wing. 
and f l i g h t  f l u t t e r  t e s t i n g  were accomplished to clear a s u f f i c i e n t  f l i g h t  envelope  
t o  conduct  t h e  l amina r  f low expe r imen t s .  F l i g h t  test d a t a  i n d i c a t e d  s a t i s f a c t o r y  
damping l e v e l s  and damping t r e n d s  f o r  the elastic s t r u c t u r a l  modes of t h e  a i r p l a n e .  
The data p r e s e n t e d  i n  t h i s  report i n c l u d e  f r equency  and damping as f u n c t i o n s  of  
Mach number. 
Giound v i b r a t i o n  
INTRODUCTION 
An F-14 a i r c ra f t  w a s  modi f ied  to  become t h e  test bed a i r c r a f t  f o r  t h e  v a r i a b l e -  
sweep t r a n s i t i o n  f l i g h t  exper iment  (VSTFE) program. The VSTFE program is a laminar 
f low program des igned  to  measure the e f f e c t s  of  wing sweep on boundary l a y e r  t r a n s i -  
t i o n  from l a m i n a r  to  t u r b u l e n t  f low ( r e f s .  1 and 2 ) .  The F-14 a i r c r a f t  w a s  selected 
because of its v a r i a b l e  wing sweep capabilities, wing p lanform,  and Mach-Reynolds 
number envelope .  The exper iment  w a s  conducted w i t h  wing sweep a n g l e s  between 20° 
and 3 5 O .  The a i r c r a f t  w a s  modi f ied  by adding a n  upper  wing s u r f a c e  foam-f ibe rg la s s  
g l o v e  ove r  a p o r t i o n  of t h e  l e f t  wing ( f i g .  1 ) .  The t h i c k n e s s  o f  t h e  g l o v e  was 
a p p r o x i m a t e l y  0.60 i n .  
The aeroelastic c o n c e r n s  €or t h i s  m o d i f i c a t i o n  were whether  the r e s u l t i n g  
changes  i n  wing weight ,  wing s t i f f n e s s ,  and a i r f o i l  shape  cou ld  be s u f f i c i e n t  to 
a d v e r s e l y  a f f e c t  t h e  f l u t t e r  s t a b i l i t y  of t h e  a i r p l a n e .  The approach  t aken  to 
q u a l i f y  t h i s  m o d i f i c a t i o n  f o r  f l i g h t  w a s  t o  conduc t  a ground v i b r a t i o n  test (GVT) 
b e f o r e  and a f t e r  g l o v e  i n s t a l l a t i o n .  A comparison of modal parameters, i n c l u d i n g  
mode shapes ,  would t h e n  be accomplished to  d e t e r m i n e  i f  t h e r e  w e r e  any s i g n i f i c a n t  
changes .  A f l i g h t  f l u t t e r  program was then  p lanned  based on t h e  GVT r e s u l t s .  
NOMENCLATURE 
CRT c a t h o d e  r a y  t u b e  
G s t r u c t u r a l  damping c o e f f i c i e n t  
GVT ground v i b r a t i o n  test 
KCAS k n o t s  c a l i b r a t e d  a i r s p e e d  
. 
S AS s t a b i l i t y  augmenta t ion  sys tem 
VSTFE va r i ab le - sweep  t r a n s i t i o n  f l i g h t  expe r imen t  
A wing sweep a n g l e ,  deg 
TEST OBJECTIVES 
The o b j e c t i v e s  of t h e  f l u t t e r  c l e a r a n c e  program were 
1 .  t o  measure s t r u c t u r a l  f r e q u e n c i e s  and mode s h a p e s  below 50 Hz f o r  t h e  c l  
a i r p l a n e  and t h e  a i r p l a n e  w i t h  t h e  wing g l o v e  i n s t a l l e d ,  
n 
2. t o  v e r i f y  freedom from f l u t t e r  w i t h i n  t h e  f l i g h t  e n v e l o p e  o f  450 k n o t s  cal- 
ib ra ted  a i r s p e e d  (KCAS) or Mach 0.90, whichever  i s  less, f o r  wing sweep a n g l e s  of 
20" t o  35",  and 
3 .  t o  o b t a i n  f requency  and damping d a t a  for  c r i t i c a l  s t r u c t u r a l  modes. 
VEHICLE DESCRIPTION 
The F-14 i s  a var iab le-geometry  midwing a i r p l a n e  w i t h  l e a d i n g  edge  s la t s ,  
maneuvering f l a p s ,  and twin  outward-canted v e r t i c a l  s t a b i l i z e r s  and  rudde r s .  The 
a i r p l a n e  i s  powered by t w o  a f t e r b u r n i n g  t u r b o f a n  e n g i n e s .  The all-movable h o r i -  
z o n t a l  s u r f a c e s  have s k i n s  of  boron-epoxy composi te  material. 
The F-14 used f o r  t h e  VSTFE program had t h e  f o l l o w i n g  m o d i f i c a t i o n s :  
1 .  A foam-f ibe rg la s s  g l o v e  w a s  added to  t h e  l e f t  wing b e g i n n i n g  a t  wing b u t t  
l i n e  130 and ex tend ing  to  wing b u t t  l i n e  350. The g l o v e  ex tended  from t h e  5 -pe rcen t  
chord l i n e  on t h e  bottom o f  t h e  wing, forward  around the l e a d i n g  edge ,  and t h e n  a f t  
o n  t o p  of  t h e  wing, t o  t h e  60 -pe rcen t  chord  l i n e .  
2 .  The wing l e a d i n g  edge  s l a t s  w e r e  locked  i n  t h e  r e t r a c t e d  p o s i t i o n  because  o f  
t h e  g l o v e  i n s t a l l a t i o n .  
3 .  The maneuvering f l a p s  were d i s a b l e d .  
4. The wing f u e l  t a n k s  were n o t  used and remained empty. 
5 .  The wing sweep o v e r r i d e  w a s  used t o  m a i n t a i n  t h e  sweep a n g l e  i n  t h e  r ange  o f  
20" to  35". A guard was b u i l t  and mounted on t h e  wing sweep c o n t r o l  l e v e r  t o  pre- 
v e n t  i n a d v e r t e n t  wing sweep a n g l e s  beyond 35". 
* 
TEST PROCEDURE 
Ground V i b r a t i o n  T e s t  
Because there were no GVT data  a v a i l a b l e  f o r  t he  a i r p l a n e  on i t s  l a n d i n g  g e a r ,  
a GvT was f i r s t  conducted w i t h  the  unmodif ied a i r p l a n e  on  i t s  g e a r  to  e s t a b l i s h  a 
b a s e l i n e .  F o r  each  G V T ,  t h e  l a n d i n g  g e a r  s t r u t s  w e r e  d e f l a t e d  t o  e l i m i n a t e  poten-  
t i a l  n o n l i n e a r i t i e s  i n  t h e  o l e o - s t r u t s .  The t i r e  p r e s s u r e  w a s  reduced  to  one-half  
t h e  normal v a l u e  t o  p r o v i d e  a s o f t  s u p p o r t .  E lec t r ica l  and h y d r a u l i c  p o w e r  were 
s u p p l i e d  t o  t h e  a i r p l a n e .  The wing f u e l  t a n k s  w e r e  empty, and the  f u s e l a g e  t a n k s  
were f u l l .  
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I n s t r u m e n t a t i o n .  - P i e z o e l e c t i c  accelerometers were a t t a c h e d  to  t h e  a i rplane to  
measure  t h e  r e s p o n s e  of the s t r u c t u r e .  A force l i n k  w a s  used t o  measure t h e  i n p u t  
force to  t h e  s t r u c t u r e  from t h e  e lec t rodynamic  shaker. A minicomputer-based s t ruc-  
t u r a l  a n a l y s i s  sys tem ( f i g .  2 )  w a s  used to acquire, f i l t e r ,  d i s p l a y ,  and record e i g h t  
c h a n n e l s  of data (one  i n p u t  f o r c e  and seven r e s p o n s e s )  d u r i n g  each  data a c q u i s i t i o n .  
E x c i t a t i o n .  - Two e x c i t a t i o n  t echn iques  were used: m u l t i s h a k e r  s ine -dwe l l  and 
s i n g l e - s h a k e r  random. The m u l t i s h a k e r  s ine-dwel l  t e c h n i q u e  w a s  used to conduc t  fre- 
quency  sweeps a t  v a r i o u s  wing sweep a n g l e s  and  also t o  e x c i t e  t h e  wing fo re -and-a f t  
modes. However, t h e  m a j o r i t y  of the modal data w a s  a c q u i r e d  u s i n g  t h e  s i n g l e - s h a k e r  
random approach .  
The s i n e  f r equency  sweeps w e r e  performed w i t h  a v e r t i c a l l y  o r i e n t e d  s h a k e r  
p l a c e d  under  each  w i n g t i p  t o  locate the approximate  r e s o n a n t  f r e q u e n c i e s .  These 
sweeps were conducted w i t h  the unmodified wings swept 20°, S O 0 ,  and 68O, and t h e  
g loved  wings swept 20' and 3 5 O .  All f r equency  sweeps were conducted  from 3 t o  45 Hz 
a t  a l o g a r i t h m i c  s i n e  sweep rate of 0.3 decade/min. These  data were used o n l y  t o  
compare w i t h  t h e  a i r p l a n e  m a n u f a c t u r e r ' s  GVT data o b t a i n e d  w i t h  t h e  a i r p l a n e  on  a 
t r u e  s o f t  s u p p o r t  sys tem and  are  n o t  p r e s e n t e d  i n  the report. 
* 
For e x c i t i n g  t h e  wing fo re -and-a f t  modes, t w o  h o r i z o n t a l l y  o r i e n t e d  s h a k e r s  w e r e  
suspended from c r a n e s  and a t t a c h e d  a t  t h e  w i n g t i p s .  The s u s p e n s i o n  cables were l o n g  
enough to  e n s u r e  t h a t  t h e  pendulum f requency  of each  s h a k e r  w a s  w e l l  below t h e  wing 
f o r e - a n d - a f t  r e s o n a n t  f r e q u e n c i e s .  Both s i n e  f r equency  sweep and s ine -dwe l l  modal 
s u r v e y  data were acquired for  t h e s e  p a r t i c u l a r  modes. 
S i n g l e - i n p u t  random t e c h n i q u e s  were used to  e x c i t e  a l l  o t h e r  s t r u c t u r a l  reso- 
n a n t  modes. For  t h e s e  tests,  a s i n g l e  v e r t i c a l l y  o r i e n t e d  s h a k e r  w a s  placed under  
t h e  l e f t  w i n g t i p ,  a t t a c h e d  t o  the rear spa r ,  and d r i v e n  w i t h  a broad-band random 
f o r c i n g  f u n c t i o n .  
S t r u c t u r a l  m o d e  measurements. - Response data from t h e  random e x c i t a t i o n  w e r e  
a c q u i r e d  w i t h  t h e  minicomputer  s t r u c t u r a l  a n a l y s i s  sys tem for  each  l o c a t i o n  shown 
i n  f i g u r e  3 .  T r a n s f e r  and cohe rence  f u n c t i o n s  were t h e n  c a l c u l a t e d .  The cohe rence  
f u n c t i o n  w a s  used as a measurement of t h e  q u a l i t y  of the data before t h e y  were stored 
on  t h e  sys tem d i s k .  The data  w e r e  sampled a t  1 2 8  samples/sec u s i n g  a data b lock  
s i z e  of  1024  samples ( 8  sec r e q u i r e d  t o  f i l l  t h e  b l o c k ) .  The a n t i a l i a s i n g  f i l t e r s  
w e r e  se t  a t  50 Hz. The to ta l  number of a v e r a g e s  used t o  c a l c u l a t e  each  t r a n s f e r  
f u n c t i o n  w a s  500. T h i s  t o t a l  i n c l u d e d  an overlap factor o f  e i g h t .  Over l ap  proc-  
e s s i n g  is a procedure by which a time h i s t o r y  i n c l u d e s  a cer ta in  amount of pre- 
v i o u s l y  p rocessed  data and a certain amount of new data .  T h i s  t e c h n i q u e  i s  u s e f u l  
t o  r educe  l e a k a g e  errors. 
- 
. when a Hanning window i s  used ( r e f .  3). A Hanning window w a s  a p p l i e d  t o  t h e  data  
w Once d a t a  a c q u i s i t i o n  w a s  completed f o r  t h e  a i r p l a n e ,  t h e  m o d a l  pa rame te r s  ( f r e -  
quency ,  damping, phase ,  and a m p l i t u d e )  were estimated f o r  each  m o d e  by f i t t i n g  a 
multiple-degree-of-freedom c u r v e  t o  a s e l e c t e d  t r a n s f e r  f u n c t i o n  t h a t  e x h i b i t e d  a 
good r e sponse  for t h e  s t r u c t u r a l  m o d e s  of i n t e r e s t .  The estimated m o d a l  parameters, 
p a r t i c u l a r l y  phase ,  f o r  each  m o d e  were examined t o  d e t e r m i n e  whether  t h e  c u r v e  f i t  
w a s  a c c e p t a b l e .  I t  was n e c e s s a r y  t o  examine several d i f f e r e n t  t r a n s f e r  f u n c t i o n s  t o  
e n s u r e  a good c u r v e  f i t  f o r  a l l  the s t r u c t u r a l  modes below 50 Hz. 
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Once a n  a c c e p t a b l e  f i t  w a s  o b t a i n e d  for  e s t i m a t i n g  t h e  m o d a l  parameters, t h e  
modal c o e f f i c i e n t s  f o r  each  m o d e  shape  were c a l c u l a t e d  by u s i n g  the a m p l i t u d e  and 
phase of  each  measured re sponse  a t  t h e  estimated resonance  f r equency .  Animated mode 
s h a p e s  were t h e n  d i s p l a y e d  to i d e n t i f y  each  m o d e .  A more d e t a i l e d  example of t h i s  
p r o c e d u r e  can  be found i n  r e f e r e n c e  4. 
A f t e r  t h e  s i n g l e - p o i n t  random e x c i t a t i o n  measurements were comple ted ,  t h e  wing 
fo re -and-a f t  modes were f i n e  tuned  u s i n g  a c o i n c i d e n t - q u a d r a t u r e  a n a l y z e r  by mini- 
miz ing  t h e  c o i n c i d e n t  component and maximizing the q u a d r a t u r e  component of the s i g -  
n a l .  A c c e l e r a t i o n  t i m e  h i s t o r i e s  w e r e  a lso used to  v e r i f y  p h a s i n g  between the l e f t  
and  r i g h t  s i d e s  of  t h e  a i r p l a n e .  Another  check  on  t h e  q u a l i t y  o f  t h e  m o d e  w a s  t o  
t e r m i n a t e  e l e c t r i c a l  power to  the s h a k e r s  and observe t h e  decay  of  t h e  o s c i l l a t i o n s  
f o r  b e a t s .  The absence  of beats i n  t h e  decay  trace i n d i c a t e d  t ha t  a mode w a s  prop- 
e r l y  tuned .  
F l i g h t  F l u t t e r  T e s t  
F l u t t e r  t e s t i n g  w a s  accompl ished  f o r  t h e  gloved wing c o n f i g u r a t i o n  a t  a l t i t u d e s  
of  27,500, 17,000,  and 5000 f t .  The p lanned  f l u t t e r  enve lope  expans ion  p o i n t s  a t  
each a l t i t u d e  a re  shown i n  f i g u r e  4. N o t e  t h a t  t h e  s t a b i l i t y  augmen ta t ion  sys tem 
( S A S )  w a s  t u r n e d  of f  a t  selected tes t  p o i n t s .  Each test p o i n t  w a s  f lown a t  wing 
sweep a n g l e s  of  20' and 35'. The 35O wing sweep a n g l e  w a s  f lown f i r s t  s ince i t  w a s  
c o n s i d e r e d  to  be less c r i t i c a l  t h a n  t h e  20° sweep a n g l e .  
I n s t r u m e n t a t i o n .  - The i n s t r u m e n t a t i o n  aboard t h e  a i r c r a f t  f o r  f l u t t e r  t e s t i n g  
c o n s i s t e d  of t h e  a c c e l e r o m e t e r s  and p o s i t i o n  t r a n s d u c e r s  i n d i c a t e d  i n  f i g u r e  5. A i r  
d a t a  pa rame te r s  were o b t a i n e d  from a s t a n d a r d  nose  boom. 
E x c i t a t i o n .  - Random a tmospher i c  t u r b u l e n c e  and p i l o t - i n d u c e d  c o n t r o l  s u r f a c e  
p u l s e s  w e r e  used t o  e x c i t e  t h e  s t r u c t u r e .  T y p i c a l l y ,  60 sec of  random data w e r e  
c o l l e c t e d  a t  each  t e s t  p o i n t  fo l lowed by p i t c h ,  yaw, and  rol l  p u l s e s  i n  one  direc- 
t i o n .  With t h e  SAS o f f ,  o n l y  c o n t r o l  s u r f a c e  p u l s e s  were used f o r  s t r u c t u r a l  e x c i t a -  
t i o n .  The t u r b u l e n c e  l e v e l s  a t  5000 f t  were s u f f i c i e n t  f o r  good s t r u c t u r a l  e x c i t a -  
t i o n ,  w h i l e  t h e  l e v e l s  a t  17,000 and 27,500 f t  p rov ided  v e r y  l i t t l e  e x c i t a t i o n .  
Envelope expans ion  procedure .  - A  c o n s i s t e n t  p r o c e d u r e  was used d u r i n g  t h e  
t e s t i n g  of t h e  a i r p l a n e .  The a i r p l a n e  w a s  a c c e l e r a t e d  to  t h e  s p e c i f i e d  Mach number 
a t  t h e  test  a l t i t u d e .  Once t h e  a i r p l a n e  w a s  s t a b l i l i z e d ,  60 sec o f  random d a t a  were 
a c q u i r e d ,  fo l lowed by p i l o t - i n d u c e d  c o n t r o l  s u r f a c e  p u l s e s .  A t  s e l e c t e d  test p o i n t s ,  
c o n t r o l  s u r f a c e  p u l s e s  were r e p e a t e d  w i t h  t h e  SAS t u r n e d  o f f .  . 
Telemetered data w e r e  d i s p l a y e d  on s t r i p  c h a r t s  i n  t h e  NASA A m e s  Research  Cen- 
t e r ,  Dryden F l i g h t  Research F a c i l i t y ,  S p e c t r a l  A n a l y s i s  F a c i l i t y .  The a i r c r a f t  sta- 
t u s ,  which  inc luded  a l t i t u d e ,  airspeed, and t a c h  number, w a s  d i s p l a y e d  on c a t h o d e  
r a y  t u b e  (CRT) moni tors .  A s i n g l e  selected accelerometer r e s p o n s e  ( f rom a menu of  
1 2 )  was moni tored  on a real-time spectrum a n a l y z e r  t o  p r o v i d e  f r equency  domain i n f o r -  
mat ion .  A F o u r i e r  a n a l y z e r  w a s  used to  p r o v i d e  n e a r - r e a l - t i m e  f r e q u e n c y  and damping 
e s t i m a t e s  f o r  c r i t i c a l  accelerometer r e sponses .  C l e a r a n c e  to  proceed to  t h e  n e x t  
h i g h e r  Mach number t e s t  p o i n t  w a s  g i v e n  by t h e  test  d i rec tor  in t h e  S p e c t r a l  Anal- 
y s i s  F a c i l i t y  a f t e r  t h e  damping c o e f f i c i e n t s  and t r e n d s  f o r  c r i t i c a l  s t r u c t u r a l  
modes were observed  to  b e  s a t i s f a c t o r y .  
4 
P o s t f l i g h t  data a n a l y s i s  was performed between f l i g h t s .  T h i s  a n a l y s i s  c o n s i s t e d  
of c a l c u l a t i n g  the autopower spectrum f o r  each accelerometer r e s p o n s e  t o  ex t r ac t  
improved f r equency  and damping v a l u e s .  A d e s c r i p t i o n  of the d a t a  a n a l y s i s  tech-  
n i q u e s  is p r e s e n t e d  i n  r e f e r e n c e  5. 
RESULTS 
Ground Vibrat ion T e s t  
A compar ison  of t h e  unmodif ied and gloved wing a i rplane modal data f o r  t h e  
20° wing sweep a n g l e  is shown i n  table  1 .  The 20° wing sweep a n g l e  w a s  c o n s i d e r e d  
t o  be t h e  most c r i t i ca l  c o n f i g u r a t i o n  f o r  f l u t t e r .  I n  g e n e r a l ,  there were f e w  s i g -  
n i f i c a n t  changes  i n  modal f r e q u e n c i e s  between t h e  unmodified and gloved wing c o n f i g -  
u r a t i o n s .  The e x c e p t i o n s  are d i s c u s s e d  i n  the f o l l o w i n g  pa rag raphs .  
.r 
The m o s t  s i g n i f i c a n t  change  i n  the modal c h a r a c t e r i s t i c s  i nvo lved  the wing tor- 
s i o n  m o d e s .  Whi le  t h e  co r re spond ing  symmetric and a n t i s y m m e t r i c  wing t o r s i o n  modes 
a g r e e d  v e r y  w e l l  i n  f r equency  and damping f o r  t h e  unmodif ied and mod i f i ed  conf igu ra -  
t i o n s ,  some d i f f e r e n c e s  i n  the m o d e  shapes were observed .  The m o s t  s i g n i f i c a n t  d i f -  
f e r e n c e  w a s  t h e  a d d i t i o n  o f  a new mode, a t  21.26 H z ,  caused  a p p a r e n t l y  by t h e  wing 
m o d i f i c a t i o n .  T h i s  new m o d e  w a s  a d e c i d e d l y  asymmetric wing t o r s i o n a l  r e sponse  of 
o n l y  t h e  l e f t  wing when the n a t u r a l  l aminar  f l o w  g l o v e  w a s  i n s t a l l e d .  F i g u r e  6 com- 
p a r e s  t h e  wing t o r s i o n  m o d e  s h a p e s  f o r  t h e  unmodif ied and gloved wing c o n f i g u r a t i o n s .  
D i f f e r e n c e s  between t h e  l e f t  and r i g h t  wing fo re -and-a f t  p ivot  m o d e  f r e q u e n c i e s  
were noted  f o r  b o t h  t h e  unmodified and t h e  gloved wing c o n f i g u r a t i o n s .  I n  b o t h  con- 
f i g u r a t i o n s ,  t h e  a n t i s y m m e t r i c  m o d e  was tuned  a t  a h i g h e r  f r equency  on  the r i g h t  wing 
w i t h  t h e  l a m i n a r  f low gloved c o n f i g u r a t i o n  showing t h e  larger d i s c r e p a n c y .  The sym- 
metric m o d e  showed smaller d i f f e r e n c e s  between t h e  l e f t  and r i gh t  for  t h e  unmodif ied 
c o n f i g u r a t i o n ,  and no l e f t - r i g h t  anomalies were e x h i b i t e d  i n  t h e  g loved  wing c o n f i g -  
u r a t i o n .  F r e e  p l a y  i n  t h e  p i v o t s  most l i k e l y  c o n t r i b u t e d  to  t h e  d i f f i c u l t y  o f  t u n i n g  
t h e s e  modes. 
F l i g h t  F l u t t e r  T e s t  
P l o t s  o f  f r equency  and damping a5 f u n c t i o n s  of Mach number f o r  t h e  20° and 3 5 O  
wing sweep a n g l e s  are shown i n  f i g u r e s  7 t o  30 and 31 t o  54, r e s p e c t i v e l y ,  f o r  a l t i -  
t u d e s  o f  5000, 17,000, and 27,500 f t .  Note t h a t  on  some p lo ts  f r e q u e n c y  and damping 
v a l u e s  are  mis s ing .  These d a t a  c o u l d  not be e x t r a c t e d  due  to  t h e  l a c k  o f  random 
a tmospher i c  t u r b u l e n c e  f o r  s t r u c t u r a l  e x c i t a t i o n  i n  t h e s e  i n s t a n c e s .  
* I n  g e n e r a l ,  t h e  damping leve ls  and t r e n d s  were s a t i s f a c t o r y .  The re  w e r e  some 
d i f f e r e n c e s  i n  modal f r equency ,  damping, and  damping t r e n d s  between the 20° and 3 5 O  
win9 sweep data .  Some modes e x h i b i t e d  an a d v e r s e  damping t r e n d .  However, t h e s e  
modes e x h i b i t e d  moderate t o  heavy damping, and enve lope  expans ion  c o u l d  have  con- 
t i n u e d  f u r t h e r  i f  i t  w e r e  necessa ry .  
The wing fo re -and-a f t  modes w e r e  observed i n  the power spectra from t h e  w i n g t i p  
f o r e - a n d - a f t  accelerometers. The l e f t  wing g e n e r a l l y  responded a t  a lower f r equency  
t h a n  d i d  t h e  r i g h t  wing ( f i g .  55). Response f r e q u e n c i e s  t ended  to  agree w e l l  w i t h  
GVT-measured modal f r e q u e n c i e s .  
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The l a m i n a r  flow gloved-wing-only t o r s i o n  m o d e  w a s  obse rved  d u r i n g  f l i g h t  a t  
27,500 and 17,000 f t  f o r  t h e  20' wing sweep o n l y .  F i g u r e  56 shows t h e  power spectra 
from t h e  r i g h t  and l e f t  w i n g t i p  v e r t i c a l  accelerometers f o r  Mach 0.85 a t  27,500 f t .  
N o t e  t h a t  a 21.3-Hz m o d e  is  e x h i b i t e d  on the gloved  wing o n l y .  
A 42-Hz spoiler r e sonance  w a s  observed  on the l e f t  ( l a m i n a r  f low g l o v e )  and r i g h t  
(unmodi f i ed )  w i n g t i p  accelerometers d u r i n g  the f l i g h t  tes t  program. The r e sonance  
o c c u r r e d  on t h e  modified wing a t  a lower Mach number t h a n  on  t h e  unmodif ied wing. 
The 35O wing sweep a n g l e  e x h i b i t e d  t h e  lowest Mach number a t  which t h i s  o c c u r r e d .  
The o n s e t  boundar i e s  a t  which t h i s  r e sonance  o c c u r r e d  are shown i n  f i g u r e  57. These 
b o u n d a r i e s  were de termined  by o b s e r v i n g  the f r e q u e n c y  c o n t e n t  of  t h e  s i g n a l s  from 
t h e  w i n g t i p  fo re -and-a f t  accelerometers and n o t i n g  when t h e  42-Hz r e sonance  o c c u r r e d  
i n  t h e  p o w e r  s p e c t r a  f o r  t h e  wing ( f i g .  58). 
T h i s  r e sonance  was de te rmined  to  stem from t h e  wing ou tboa rd  spoilers.  During i 
t h e  GVT, a n  a c c e l e r o m e t e r  w a s  p l a c e d  on t h e  ou tboa rd  spoiler and a 42-Hz m o d e  w a s  
measured ( f i g .  59). I n  a d d i t i o n ,  a t  Mach 0.9 and 17,000 f t ,  and f o r  a wing sweep 
a n g l e  of  20°, t h e  chase  p i l o t  r e p o r t e d  s e e i n g  e v i d e n c e  of  t h e  wing ou tboa rd  s p o i l e r  
v i b r a t i n g .  
The r e sonance  of t h e  l e f t  wing s p o i l e r  o c c u r s  a t  a lower Mach number p r o b a b l y  
because of  t h e  0.6-in s t e p  a t  t h e  t r a i l i n g  edge of  t h e  g l o v e  on  t h e  upper  s u r f a c e  of  
t h e  wing. The g love ,  which ends  j u s t  i n  f r o n t  of  t h e  spoiler h i n g e  l i n e  ( f i g .  1 1, 
c r e a t e d  a d i s t u r b a n c e  i n  t h e  a i r f l o w  o v e r  t h e  l e f t  spoiler. The s p o i l e r  r e sonance  
d i d  n o t  a f f e c t  t h e  f l u t t e r  c h a r a c t e r i s t i c s  of  t h e  a i r p l a n e .  
C l e a r e d  F l i g h t  Envelope 
The f l i g h t  envelope  cleared f o r  t h e  F-14 VSTFE a i r p l a n e  i s  shown i n  f i g u r e  60. 
T h i s  enve lope  i s  f o r  any  wing sweep a n g l e  from 20° t o  35O w i t h  SAS e i t h e r  on  o r  o f f .  
Note t h a t  t h e  a u t o p i l o t  w a s  n o t  t e s t e d ,  and t h u s  i t s  u s e  i s  r e s t r i c t e d  f o r  t h i s  
a i r c r a f t  c o n f i g u r a t i o n  u n l e s s  such  tests are s u c c e s s f u l l y  comple ted .  
CONCLUSIONS 
A ground v i b r a t i o n  tes t  w a s  conducted  on an unmodif ied F-14 a i r p l a n e  and a n  a i r -  
p l a n e  modi f ied  w i t h  a l amina r  f low g l o v e  on  t h e  l e f t  wing t o  d e t e r m i n e  t h e  change  i n  
modal c h a r a c t e r i s t i c s  t h a t  r e s u l t e d  from t h e  a d d i t i o n  of t h e  f o a m - f i b e r g l a s s  g l o v e .  
R e s u l t s  i n d i c a t e d  t h a t  t h e r e  w e r e  no s i g n i f i c a n t  changes  i n  m o d a l  c h a r a c t e r i s t i c s  - 
wi th  t h e  e x c e p t i o n  of t h e  wing t o r s i o n  modes. The a i r p l a n e  w i t h  t h e  l a m i n a r  f low 
g l o v e  i n s t a l l e d  e x h i b i t e d  a new (asymmetric) gloved-wing-only t o r s i o n  mode i n  add i -  
t i o n  to  t h e  symmetric and a n t i s y m m e t r i c  t o r s i o n  m o d e s .  
w 
F l i g h t  f l u t t e r  t e s t i n g  w a s  accompl ished  f o r  t h e  l a m i n a r  f l o w  g loved  wing a t  a l t i -  
t u d e s  of 27,500, 17,000, and 5000 f t  t o  maximum Mach numbers of  0.89, 0.90, and 
0.74, r e s p e c t i v e l y ,  f o r  a wing sweep a n g l e  of 35O. For a wing sweep a n g l e  of 20°, 
t h e  maximum Mach numbers t e s t e d  were 0.87, 0.90, and 0.74 a t  a l t i t u d e s  of 27,500, 
17,000,  and  5000 f t ,  r e s p e c t i v e l y .  Damping l e v e l s  and t r e n d s  w e r e  s a t i s f a c t o r y  
from a f l u t t e r  s t a n d p o i n t .  The t es t  r e s u l t s  demons t r a t ed  t h a t  t h e  a i r p l a n e  c a n  be 
flown s a f e l y  throughout  a n  enve lope  up t o  450 KCAS and Mach 0.90, whichever  i s  less, 
f o r  wing sweep a n g l e s  b e t w e e n  20' and 3 5 O .  S i n c e  t h e  a u t o p i l o t  w a s  n o t  tested,  i t s  
\lse i s  p r o h i b i t e d  f o r  t h i s  a i r c r a f t  c o n f i g u r a t i o n .  
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A sma l l - ampl i tude  4 2 4 2  spoiler resonance  w a s  detected d u r i n g  t h e  f l i g h t  f l u t t e r  
tests. I t  w a s  concluded t h a t  t h i s  resonance  was n o t  haza rdous  and d id  n o t  a f f e c t  
t h e  f l u t t e r  c h a r a c t e r i s t i c s  of the a i r p l a n e .  
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TABLE 1. -GROUND VIBRATION TEST RESULTS AND COMPARISONS 
Unmodified a i r p l a n e  Gloved a i r p l a n e  a D i  f f er enc e , 
Mode d e s c r i p t i o n  p e r c e n t  Frequency,  Damping, Frequency,  Damping , 
Hz G HZ G 
20° wing sweep, symmetric 
F i r s t  wing bending 
S ec o nd w i  ng bending 
W i ng to rs  i o n  
L e f t  
R i g h t  
L e f t  
R i g h t  
Fore and a f t  
Vert ical  f i n  bending 
F u s e l a g e  v e r t i c a l  
S t a b i l i z e r  bending- 
Engine n a c e l l e  r o l l  
bending  
p i t ch  
4.707 
14.391 
--- 
19.776 
9.23 
9.96 
7 863 
-- - 
--- 
10.77 
20° wing sweep, an t i symmet r i c  
F i r s t  wing bending 
Second wing bending 
W i ng tors i o n  
Fore and a f t  
L e f t  
R i g h t  
Ver t ica l  f i n  bending 
V e r t i c a l  f i n  t o r s i o n  
F u s e l a g e  t o r s i o n  
F u s e l a g e  t o r s i o n  
6.486 
16.044 
23.537 
9.34 
10.35 
12.589 
36.67 
8.483 
9.881 
0.028 
0.041 
--- 
0.052 
0.09 
0.069 
0.062 
--- 
--- 
0.052 
0.06 
0.052 
0.044 
0.078 
0.07 
0.035 
0.051 
0.062 
0.086 
4.621 
13.978 
21 0257 
19.255 
9.76 
11.445 
7.698 
17.076 
10.263 
--- 
6.535 
23.786 
9.39 
11.23 
16.366 
-- - 
35.305 
9.658 
a. 378 
0.024 
0.039 
0.068 
0.06 
0.097 
0.02 
0.046 
0.053 
0.055 
--- 
0.032 
0.055 
0.051 
0.058 
0.11 
0.044 
0.039 
0.026 
--- 
-1 - 8 6  
-2.95 
--- 
-2.71 
--- 
--- 
-2.14 
--- 
-4.94 
0.75 
1.97 
1 .05 
0.53 
7.84 --- 
-3.87 
-1.25 
-2.31 
1 (Unmodified a i r p l a n e )  aThe p e r c e n t a g e  d i f f e r e n c e  i s  d e f i n e d  as 100 1 - [ (Gloved a i r p l a n e )  
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7159 
F i g u r e  1 .  Typical  cross s e c t i o n  and p o s i t i o n  of the laminar f l o w  glove. 
9 I 
10 
ECN 33451 -004 
Figure 2. Minicomputer-based stractur’l analysis system. 
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Accelerometer locations f o r  mode 
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Mach number 
7161 
F i g u r e  4 .  P lanned f l i g h t  f l u t t e r  
test  points ,  20' and 30' w i n g  s w e e p s .  
1 1  
Parameter identification 
Left wingtip fore-and-aft acceleration 
Left forward wingtip normal acceleration 
Left aft wingtip normal acceleration 
Right wingtip fore-and-aft acceleration 
Right forward wingtip normal acceleration 
Right aft wingtip normal acceleration 
Left horizontal stabilator normal acceleration 
Left vertical stabilizer lateral acceleration 
Right vertical stabilizer lateral acceleration 
Left outboard spoiler position 
Left inboard spoiler position 
Right inboard spoiler position 
R i h t  outboard spoiler position 
Left horizontal stabilator position 
Left vertical stabilizer position 
Right horizontal stabiiator position 
7162 
Figure 5. Aircraft flight test instrumentation. 
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I 
L Gloved wing /- Gloved wina 
symmetric tonion, 
19.26 Hz 
antisymmetric torsion, 
23.79 Hz 
F Gloved. torsion, wing-on1 21.26 Hzy 
7163 
Figure 6. Comparison of wing torsion mode shapes at 20' wing sweep. 
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F i g u r e  7 .  Symmetr i c  wing bending modal data  a t  5000 f t  f o r  
20° w i n g  s w e e p .  
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20° wing sweep. 
Antisymmetric wing bending modal data at 5000 ft for 
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F i g u r e  9. Left w i n g  fore-and-aft  bending modal data at 5000 ft 
for 20° w i n g  sweep.  
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F i g u r e  10.  R i g h t  w i n g  f o r e - a n d - a f t  b e n d i n g  modal data a t  5000 f t  
f o r  20° wing s w e e p .  
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Figure 9. Left w i n g  fore-and-aft bending modal d a t a  at 5000 f t  
for 20. wing  sweep.  
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F i g u r e  10. Right wing fore-and-aft  bending modal data  a t  5000 f t  
for  ZOO wing  s w e e p .  
Q 
Q 
Q 
0, 
(u 
0 
9 
2- 
0 
-9 
X2- N 
c-. 
> u 
zo 
29- 
0" 
W 
x 
LL 
u 
* 9- 
0 
? 
'b 
e 
1 
a30 0'. 40 O'.SO 0 -60 0'. 70 0'. eo 0'. 90 L O O  
0'. 40 0'. so 0'. 60 0'. 70 0'. eo 0'. 90 1'.00 
MRCH NUMBER 
Q Q  Q 
F i g u r e  1 1 .  
20° w i n g  s w e e p .  
Vertical f i n  bending modal data  a t  5000 ft f o r  
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F i g u r e  12. Second antisymmetric wing bending modal data at 
5000 ft for 20' wing sweep. 
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F i g u r e  13. Symmetric w i n g  b e n d i n g  modal data at 17,000 ft f o r  
20° w i n g  sweep. 
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Figure 14. Antisymmetric wing bending modal data  at 17,000 ft f o r  
20 O wing sweep  
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F i g u r e  1 5 .  L e f t  w i n g  f o r e - a n d - a f t  b e n d i n g  modal data a t  17,000 f t  
for 20° w i n g  s w e e p .  
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Figure 17. V e r t i c a l  f i n  bending modal da ta  a t  17,000 f t  for 
ZOO wing sweep. 
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Second  s y m m e t r i c  w i n g  b e n d i n g  modal data a t  17,000 ft 
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Figure 19. Second antisymmetric wing bending modal data at 
17,000 ft for 20° wing sweep. 
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F i g u r e  20. Horizontal s tabi la tor  bending modal at 17,000 f t  for 
20° wing sweep. 
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L e f t  w i n g  torsion modal data a t  17,000 f t  for 20° wing  
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Figure 23. 
ZOO w i n g  sweep. 
Antisymmetric Wing bending modal data at  27,500 ft for 
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F i g u r e  2 4 .  Left w i n g  fore-and-aft  bending modal data  a t  27,500 ft 
for  20° wing s w e e p .  
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27,500 f t  f o r  20° wing sweep. 
Right wing fore-and-aft  bending modal data  a t  
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20° w i n g  sweep 
V e r t i c a l  f i n  bending  modal data a t  27,500 f t  f o r  
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Figure  27. 
f o r  20. wing sweep. 
Second symmetric wing bending modal data at  27,500 ft 
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Figure 28. 
27,500 ft for 20° wing sweep. 
Second antisymmetric wing bending modal data at 
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Figure 29. Horizontal stabilator bending modal data at 27,500 ft 
for 20° wing sweep. 
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Figure 30. Left wing torsion modal data at 27,500 ft for 
20° wing sweep. 
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F i g u r e  31. 
35O wing sweep.  
Symmetr i c  w i n g  bending modal data a t  5000 ft for 
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Figure 32. 
35O wing sweep. 
Antisymmetric wing bending modal data at 5000 ft for 
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Figure 33 .  L e f t  wing fore-and-aft  bending modal da ta  a t  5000 f t  
for  35O wing sweep. 
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Figure 34.  Right wing fore-and-aft  bending modal da ta  a t  5000 f t  
for  35O wing sweep. 
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F i g u r e  35. 
35O wing sweep.  
V e r i t c a l  f i n  bending modal data  a t  5000 f t  f o r  
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for  35O wing sweep. 
Second symmetric wing bending modal data at 5000 ft 
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Figure 37. 
5000 ft for 35O wing sweep. 
Second antisymmetric wing bending modal data at 
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for  35O wing sweep. 
Horizontal s t a b i l a t o r  bending modal data  a t  5000 f t  
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F i g u r e  39. Symmetr ic  w i n g  bending modal data a t  17,000 f t  for 
35O w i n g  s w e e p .  
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Figure 40. 
35O wing sweep. 
Antisymmetric wing bending modal data at 17,000 ft for 
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f o r  3 5 O  w i n g  s w e e p .  
Left wing fore-and-aft  bending modal data  a t  17,000 f t  
47 
0 
0 
? 
0 
0 
c 
2 
0 
c. 
c9 
c9aD 
=? 
a 
Y 
Eo 
E 
0 
t 
0 
9 
0 : 
0 
0. eJ 
? 
0 
(0. 
9 
d 
0 
-4 
S2 N 
Y 
>- 
u 
20 
W?. sw 
W 
K 
IL. 
0 
t 
?. 
0 7 
Q 
Q 
Q 
30 0'. 40 ol. so 0'- 60 0'. 70 0'. eo Ol.90 1'. 00 
MRCH NUMBER 
Q Q Q Q 
30 0'. 40 o'.so 0'. 60 OI.70 0'. eo Ol.90 L o o  
MACH NUMBER 
Figure 4 2 .  Right wing fore-and-af t  bending modal data a t  
17,000 f t  for 35O wing sweep.  
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F i g u r e  43 .  V e r t i c a l  f i n  bending modal data a t  17,000 f t  for 
35O wing sweep.  
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f o r  35O wing sweep. 
Second symmetric wing bending modal da ta  a t  17,000 ft 
0 cu 
2 - 
0 
CI 
c3 
c3m 
Y 
=?- zo 
a 
9- 
I’ 
D * 
0 
0 
9 
4 
0 
-30 0’. 40 0I.SO OI.60 0’. 70 0’. 80 0’. 90 1’. 00 
Q 
Q 
0 
* ?_ 
0 
? 
0 
Q 
I 
e 
0 
0 
Q 0 
Q Q Q  
Q 
F i g u r e  4 5 .  
17,000 ft for 35O wing sweep. 
Second antisymmetric wing bending modal data  a t  
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Horizontal stabilator bending modal data at 17,000 ft 
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S y m m e t r i c  w i n g  b e n d i n g  modal data  a t  27,500 f t  f o r  
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Figure 48. 
35O wing sweep. 
Antisymmetric wing bending modal data at 27,500 ft for 
Q e 
Q 
Q 
0 
,30 0'. 40 ol.so 0'. 60 01=70 OI.80 Ol.90 1'. 00 
HACH NUMBER 
Q e Q Q e  e 
8 30 0'. 40 0'. 50 OI.60 01.70 GI. 80 Ol.90 1'. 00 
MACH NUflBER 
F i g u r e  4 9 .  Left w i n g  f o r e - a n d - a f t  b e n d i n g  modal da ta  a t  27,500 f t  
f o r  3 5 O  w i n g  s w e e p .  
55 
0 
0 
c'! 
2 
0 
cu 
0 
e 
A 
c9 
c9m 
=9 
a 
Y 
zo r: 
0 
t 
0 
9 
. o  
9 
9 
0, cu 
0 
3 
2- 
0 
9 
0 
t 
9- 
0 
9 
I 1 
Q 
Q 
Q 
Q 
30 0'. 40 0'. 50 0'. 60 0'. 70 0'.80 0'.90 1'.00 
MACH NUMBER 
0 Q Q  Q 
- I  
Figure 5 0 .  Right wind fore-and-af t  bending modal da ta  a t  
27 ,500  f t  for 35' wing sweep. 
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35O wing sweep .  
Vertical f i n  bending modal data  a t  27,500 ft for 
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F i g u r e  5 2 . .  Second s y m m e t r i c  wing  b e n d i n g  modal da ta  a t  27,500 ft 
for 35" wing  sweep. 
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Figure 53. 
27,500 ft for 35O wing sweep. 
Second antisymmetric wing bending modal data at 
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F i g u r e  5 4 .  Horizontal s t a b i l a t o r  bending modal data  a t  27,500 f t  
f o r  35O wing sweep. 
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27,500 f t .  
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Figure 5 8 .  Wingt ip  fore-and-aft  accel- 
e r a t i o n  power spectra f o r  Mach 0 .85  a t  
27,500 f t .  
62 
-- 
I I1111 I I I111111 I I I l l l l l l  I I l l  
E 7 4  
amplitude 
42-Hz model  
f 
V 
.Q1 .1 10 50 
Frequency, Hz 7 1 4  
Figure 5 9 .  
quency response. 
W i n g  outboard spoiler fre- 
Is x 103 
Altitude, n a  ij
15 
10 
5 J 450 KCAS 
0 .I 1 .3 .4 .5 .e .7 .0 .9 1.0 
Mach number 
7169 
Figure 60 .  Cleared f l u t t e r  envelope 
for  t h e  F-14 VSTFE a i r p l a n e .  
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